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Metagenomic analysis of the human intestinal microbiome has provided a wealth of information that allowed an exceptionally detailed description of its microbial content and physiological potential. It also set the basis for studies allowing correlation of alterations in the balance of this microbiota and the occurrence of a certain number of emerging diseases, such as inflammatory bowel diseases, obesity and diabetes, and possibly colorectal cancer. The time has come to give the intestinal microbiota in symbiosis with its host an experimental dimension. This brief review summarizes our attempt at developing a cellular microbiology of the mutualistic symbiosis established between the gut microbiota and the host intestinal surface. Particular attention is paid to the intestinal crypt, due to its role in epithelial regeneration.
This article is part of the themed issue 'The new bacteriology'.
The gut microbiota in symbiosis with humans
The human gut, particularly the colon, is host for about a thousand bacterial species that together represent the astronomic number of about 10 14 individual microorganisms called the gut microbiota. The major rules directing the constitution of this microbiota following birth, its balance and maintenance, as well as its resilience in case of a 'catastrophic' event such as administration of an antibiotic, have been increasingly addressed over the past decades [1, 2] . The dominance of Firmicutes and Bacteroidetes was established although it was soon realized that a significant proportion of the species composing the gut microbiota could not be cultivated. It took the first 16S DNA analysis [3] to realize that the microbial diversity was even higher than anticipated. In the same period, it also became obvious that the gut microbiota is in a mutualistic interaction with its host. This is particularly the case regarding the maturation and controlled activation (i.e. physiological inflammation) of the mucosal and systemic immune system [4] [5] [6] [7] , nutrition and metabolism, particularly the capacity offered by the gut microbiota to digest and ferment complex plant polysaccharides [8] [9] [10] . However, following the sequencing of the human genome [11] , it became obvious that attention needed to be paid to the human hologenome, in other words its eukaryotic and prokaryotic genetic patrimony [12] . Thus, in 2010, the almost 10-year due metagenome of the gut microbiota of more than a hundred individuals was eventually published following completion of the EU-funded MetaHIT programme [13] . Using massive shot-gun metasequencing, the consortium identified a set of about 3.3 million prokaryotic genes constituting the global prokaryotic genome patrimony among the set of studied individuals which has now been expanded to a pan-metagenome of about 10 million genes among which we, as humans, are likely to share a small portion (about 536 000 genes) representing the core metagenome involved in the basic mutualistic interaction. Metagenomic analysis, in its global dimension, enables the topic of microbiota & 2016 The Author(s) Published by the Royal Society. All rights reserved.
to be taken away from the concept of an assemblage of microbes which, in their extraordinary interhuman diversity and variation, defy our capacity to address the actual functional logic of the symbiosis, and to address the latter question in terms of genes/operons functions, thus providing a more physiological view of the interface [14] [15] [16] .
Still, metagenomics remains essentially descriptive, enabling the identification of a set of core functions, or to possibly reassemble the constituent genomes and the nature and quantity of an increasing number of species. Metagenomics can also be correlative, as an increasing number of researchers establish strong associations between loss of balance of the microbiota (i.e. dysbiosis) and certain pathological conditions, including obesity and diabetes, inflammatory bowel diseases (IBDs) and colon cancer [17] . Metagenomics, to some extent, can also be made experimental, for instance, when studying its resilience following antibiotic treatment, or its alterations following diet modifications [18, 19] .
Commensal bacteria in the murine gut
Our aim is to bring symbiosis to a level of molecular and cellular analysis, in other words, to capitalize on the expertise acquired in deciphering pathogenic mechanisms, also called cellular microbiology, to decipher the molecular cross-talk that characterizes the mutualistic signals exchanged between symbiotic microbes and intestinal cells and tissues. It is a complex endeavour because the genetics of the relevant microorganisms are rarely established and the phenotypes of interaction (i.e. symbiosis endpoints and readouts) are often not as clearly characterized as those of pathogenic interactions (i.e. cell adhesion/invasion, cell death, inflammation/ destruction of tissues, etc.) [20, 21] .
We have entered the period of 'experimentomics' and accordingly set a series of research lines that address the diversity in developing simplified models of interaction.
In brief, following the development of a method based on whole-genome 'signature-tagged mutagenesis' [22] , in Lactobacillus casei, we identified 47 genes that appeared essential for establishment of this symbiont in the gut [23] . The library encompassing 1100 individual and identifiable mutants can also be used for other mechanistic studies such as in a model system allowing the study of the impact of symbionts on nutrient transepithelial transport, particularly lipids.
We have also established the proper conditions to achieve in vitro culture of Candidatus arthromitus, the segmented filamentous bacterium (SFB), belonging to the Clostridiale family that had resisted culture attempts for 50 years [24] . This 'pathobiont' seems essential following weaning in mammals to programme the infant's immune system, particularly the differentiation of naive T cells into Th1, Th17 and Th2 lymphocytes [25] . It was thus essential to establish the proper conditions of microbe-host interaction in order to address the molecular cross-talk leading to immune maturation. Reverse genetics of SFB is also on its way.
Commensal bacteria in murine intestinal crypts
Last but not least, we have selected the intestinal crypt as a model to study microbiota-host cross-talk. Our starting hypothesis was that among the complex assemblage of luminal and mucosal commensal species that compose the microbiota, a limited set may enter into a mutualistic interaction that may reflect a long coevolution that established a situation in which the epithelial regenerative apparatus may benefit from microbiota-mediated protection. At stake is the homeostasis of a particularly sensitive zone where adult stem cells are directly exposed to the gut flora. Preliminary evidence collected from Warthin -Starry (silver nitrate) staining of various segments of the intestinal tract of various mouse lines reproducibly showed the presence of a small cluster of bacteria located at the crypt bottom in the caecum and proximal colon. These bacteria were not seen in general in the duodeno-jejunum and in the distal colon. They were positively marked by FISH using a universal 16S rRNA probe, indicating that these bacteria were alive and metabolically active (figure 1). We next developed a dedicated pipeline to molecularly identify the relevant bacteria. Using a combination of laser capture microdissection of the crypt luminal space on intestinal tissue section, amplification of the variable sequences of genomic DNA encoding 16S rRNA, next-generation sequencing (454 pyrosequencing) and bioinformatic analysis, we could demonstrate that these bacterial clusters were dominated by operational taxonomic units (OTUs) corresponding to totally unexpected commensal microorganisms such as Acinetobacter and Delftia/Comamonas, in other words strictly aerobic, non-fermentative genera, (b) (a) Figure 1 . Fluorescence in situ hybridization of murine proximal colonic tissue with an Alexa-555 pan bacteria probe (a) or with an Alexa-555 Acinetobacter specific probe (b). Nuclei in green are stained with DAPI. Pictures were taken with an Opterra system (Bruker) using a 63Â objective.
rstb.royalsocietypublishing.org Phil. Trans. R. Soc. B 371: 20150500 respectively, belonging to the gamma-and beta-proteobacterial families [26] . We could subsequently cultivate several isolates constituting the so-called 'crypt-specific core microbiota' (CSCM) and further identify them as mostly A. parvus, A. radioresistens and D. acidovorans. Following gavage of axenic mice with the relevant Acinetobacter species, we have recently confirmed their consistent tropism to the crypts, thus questioning the nature of the parameters dictating the presence and restriction of Acinetobacter to this particular niche. It was similarly described that following mono-association of germfree mice with the bona fide commensal species Bacteroides fragilis, colonic crypts became colonized, thereby identifying a sugar transport system as a key element for bacterial survival in this hard-to-explore environment [27] . The presence of a low tension of O 2 at the surface of the intestinal epithelium was demonstrated [28] and could partly account for the selection of these strictly aerobic microorganisms. Other parameters are likely to be involved. It also becomes essential to understand the rationale for the presence of a CSCM in this very sensitive zone that is critical for epithelial regeneration. Our central hypothesis is that the CSCM may act as a crypt 'gatekeeper' with multiple complementary functions selected by the coevolutionary process: (i) protection against the intrusion of pathogens or pathobionts that may disturb the fragile homeostasis required to preserve the balance of epithelial regeneration in physiological conditions or following a cytotoxic aggression, and 'buffering' of inflammation that may be transiently caused by the accidental passage of a pro-inflammatory pathobiont.
(ii) Biodegradation of the xenobiotic molecules that may gain access to the crypt and induce strong genotoxic damage, particularly on stem cells. It must be noted that the CSCM isolates are typical environmental microorganisms with strong and diverse biodegradative activities, as assessed by the annotation of their genomic sequences [29] .
Our current work is aimed at deciphering the logic of the CSCM-crypt symbiosis and to extend this concept to other mammalian species, including humans. At stake is the better understanding of the pathogenic mechanisms of IBDs and colon cancer.
In this context, it was clear that our hypothesis also needed to be validated by demonstrating the existence of a true crosstalk between the microbiota, possibly more specifically the CSCM and the crypt. For this, we developed an ex-vivo model of interaction based upon the recent work of Hans Clever's group: the 'miniguts' or 'organoids' [30] . Following purification of murine intestinal crypts and their embedding in Matrigel in the presence of essential growth factors such as R-Spondin, Noggin and Wnt ligands, organoids can be grown and maintained in vitro, where they display the progressive appearance of crypt-like structures composed of stem cells, as well as a transit-amplifying compartment followed by cell cycle arrest and differentiation into the various epithelial lineages: Paneth cells in close apposition to stem cells, bona fide epithelial cells, goblet cells and enterochromaffin cells [31, 32] . When crypts were exposed, before embedding, to bacterial MAMPs (microbe-associated molecular patterns), such as peptidoglycan (PGN) muramyl-dipeptide (MDP), muramyl-tri and tetrapeptide, lipopolysaccharide, flagellin and lipoproteins (Pam3CSK), only crypts exposed to PGN and MDP yielded four-to fivefold more organoids compared with unstimulated organoids (figure 2). Further experiments indicated that Lgr5 þ /CD24 middleþ crypt cells corresponding to the stem cells expressed high levels of NOD2 transcripts, the intracellular cytosolic sensor involved in MDP recognition. This enabled the identification of an MDP-NOD2 pathway of stem cell cytoprotection in the murine intestinal epithelium [33] . Moreover, when the organoids were generated from crypts extracted from mice pretreated for 72 h with doxorubicin, a potent cytotoxic DNA-intercalating drug causing massive oxidative stress response that appears particularly cytotoxic to stem cells, the yield of organoids following MDP stimulation was increased by a factor of 15 and more, thereby indicating that the MDP-NOD2 pathway is more protective following cytotoxic aggression than in homeostatic conditions. In addition, the index of epithelial regeneration following cytotoxicity was strongly increased in wild-type conventional mice compared with NOD2 2/2 mice.
Altogether this provides strong support to the concept of a protective cross-talk between the microbiota and the regenerative apparatus of the crypt with particular targeting to the stem cells.
Conclusion
Our approach has attempted to set the basis for a cellular microbiology of the mutualistic symbiosis established between elements of the intestinal microbiota and the gut mucosal tissues. Three examples were selected which do not reflect the wealth of different situations encompassing this rich rstb.royalsocietypublishing.org Phil. Trans. R. Soc. B 371: 20150500 symbiosis. Particular attention has been paid to defining the basic parameters of gut colonization by a symbiont; to cultivating a key pathobiont that stimulates maturation of the innate/ adaptive immune system following weaning; and to unravelling the cross-talk established in the intestinal crypt between bacterial MAMPs, such as MDP, and stem cells. Moreover, in order to decipher the factors allowing Acinetobacter to express its tropism for colonic crypts, we will apply a reverse genetics approach to identify genes that are essential for colonization of this particular niche. A natural extension of our work will be to study if a CSCM is also present in human colonic crypts, both in healthy and pathological states.
